is found in the oviduct (Foye-Jackson et al., 2011) . Avidin is a component of a gene family, comprising several homologous genes that encode 7 avidin-related proteins (AVR1 to AVR7; Ahlroth et al., 2000) . A 94 to 100% identity has been found among the avidin-related genes AVR1 to AVR7 (Ahlroth et al., 2000) . The similarity in structure between avidin and AVR proteins of 91 to 95% (Ahlroth et al., 2000) imparts a high affinity for their binding to biotin (Laitinen et al., 2002) .
The oviductal SST, located in the anterior end of the vagina in the uterovaginal junction (UVJ), are specialized submucosal tubular invaginations of the surface epithelium (Bakst et al., 1994) . Sperm residing in the SST are quiescent with a reversible suppression in their motility and a lower immunogenicity (Bakst, 1985) . Fertility rate (Das et al., 2008) and the duration of fertility (Pierson et al., 1988) are directly correlated with the sperm storage functions of the SST and with the number of sperm-containing tubules. Foye-Jackson et al. (2011) recently compared the oviductal expression of avidin and AVR2 in 2 lines of turkeys at 38 wk of age inseminated with either diluted semen or extender alone. Based on the upregulation of avidin and AVR2 mRNA in the sperm storage region, they envisaged that avidin and perhaps avidin analogs may be involved in sustaining the sperm in the SST. Studies on oviductal sperm storage have been mostly carried out in turkeys, essentially due to a wider use of artificial insemination in turkeys. To our knowledge, the relationship of oviductal expression of avidin or AVR2 with fertility and hatchability in chickens has not been addressed previously. Moreover, the contribution of these genes to age-related subfertility seems to be lacking in the literature. Therefore, a hypothesis was tested that oviductal avidin and AVR2 gene expression might be associated with fertility and hatchability rates and that their expression could be decreased in aging broiler breeder hens. We also hypothesized, based on the very high affinity of avidin or AVR to biotin, that supplementary biotin may increase the oviductal gene expression of avidin and AVR2, thereby attenuating the negative effect of aging on the reproductive performance in breeder hens.
MATERIALS AND METHODS

Birds and Experimental Treatments
A total of 120 broiler breeder hens (Arian Line Breeding Center, Babolkenar, Iran) were randomly selected at 28 wk of age and assigned to receive 0 (T 0 ), 0.30 (T 1 ), or 0.45 (T 2 ) mg of biotin (Lohmann Animal Health, Cuxhaven, Germany) per liter in their drinking water from 30 to 33 (young phase) and again from 53 through 56 (old phase) wk of age. Each treatment consisted of 4 replicates of 10 wing-banded hens that were housed in trap-nested floor pens bedded with wood shavings. All birds received biotin-free water from 34 to 52 wk of age.
Age-matched roosters (n = 30) of the same strain were used to artificially inseminate the young hens (young phase). During the old phase, however, 33-wk-old breeder roosters were used for artificial insemination of old hens to eliminate the possible effect of age-related male subfertility. The roosters were housed in separate pens in compliance with the Line Breeding Managerial Guidelines and were habituated (10 d) to abdominal massage for semen collection. The semen samples were pooled and diluted in homogenized-pasteurized low-fat milk (Akhlaghi et al., 2013b) so that each hen received 200 × 10 6 sperm at insemination (at 1500 h) to eliminate the effect of sperm number on avidin mRNA expression (Foye-Jackson et al., 2011) . For each phase, each hen was inseminated 3 times, including 2 d as well as 1 d before initiate the egg collection, and d 6 of the collection period. The hens were fed on a corn-soybean meal-based diet, supplying 2,704 kcal of ME per kg of diet, 14.34% CP, 3.38% Ca, and 0.42% available P during the first phase. The corresponding values for the second phase were 2,703 kcal of ME/kg, 14.46% CP, 3.26% Ca, and 0.37% available P. The roosters received a diet providing 2,919 kcal of ME/kg, 13.29% CP, 1.06% Ca, and 0.36% available P throughout the trial. A 15L:9D and a 16L:8D photo schedule were provided for young and old birds, respectively.
Hatching Eggs and Incubation
Egg production was recorded daily for each hen. Hatching eggs (n = 276, 302, and 301 for young T 0 , T 1 , and T 2 hens, respectively; and 159, 170, and 163 for old T 0 , T 1 , and T 2 hens, respectively) were collected during the last 12 d of the treatment period, fumigated (20 min), and stored (12°C, 75% RH) with their blunt ends up until incubation. On d 12 of storage, the eggs were set on turning trays and allotted to the same side of their respective trolleys to minimize possible positional effects. The eggs were then fumigated (20 min) and were preincubated at 24°C (8 h) before setting. To eliminate interassay variability, the eggs collected during each phase were set in the same incubator (Petersime, Zulte, Belgium) for 18 d (37.7°C and 29°C dryand wet-bulb temperatures, respectively) during which the eggs were candled (d 9) to separate the infertile eggs that were then broken open to confirm the assessment. For the remaining 3 d, the eggs from each hen were placed under a pedigree basket and transferred to the hatcher. After emergence, the hatchling numbers, egg fertility rate (embryonated eggs divided by total eggs set), and hatchability of fertile eggs (hatched chick numbers divided by fertile eggs) were determined. The chicks were then classified macroscopically as first grade (of good quality) or culls. Unhatched eggs were examined for determination of the age of embryo at death, which was classified as early (1 to 6 d), mid (7 to 16 d), or late (17 to 21 d plus pipped) mortality categories (Akhlaghi et al., 2013a) .
Oviductal Gene Expression
Tissue Sampling. On the last day of each treatment period, tissue specimens were prepared according to the procedure described by Foye-Jackson et al. (2011) . For each phase, 2 hens/replicate (8 hens/treatment; 24 hens in total) were randomly selected and killed by cervical dislocation. The oviduct was immediately excised and the connective and adipose tissues were trimmed for the length of the vagina and about the posterior 30% of the uterus (shell gland). The anterior half of the vagina toward the uterus was dissected and the fold was laid back to expose the surface mucosa, which was then rinsed with PBS (0.15 M at pH = 7.4). Using forceps and scissors, a single mucosal fold was grabbed and the scissors were held from the vagina to as close to the uterus as possible. The UVJ mucosa, which normally contains both SST and the accompanying surface epithelium, was examined microscopically to confirm the presence of SST. Tissue samples were immediately frozen in liquid nitrogen and were then stored in a deepfreezer at −80°C for RNA isolation. Considering the contribution of different ovarian follicles to steroidogenesis (Etches, 1996) , the diameter of hierarchical (F 1 to F 6 ) and nonhierarchical (small and large white) ovarian follicles was also determined on the same day.
Total RNA Extraction and cDNA Synthesis. Total RNA isolation from the UVJ tissue samples and cDNA synthesis were performed respectively by using RNeasy Mini and QuantiTec Reverse Transcription kits (Qiagen, Hilden, Germany) according to the manufacturer's instructions. To eliminate the potential contamination of extracted RNA with genomic DNA, a DNase I digestion step was implemented.
Quantitative Real-Time PCR Assay. The relative expression of avidin and AVR2 in the UVJ region was studied, using the real-time PCR technique. Table 1 shows the gene-specific primers, with cyclophilin B (the reference gene) being used as the endogenous control to normalize the expression of the target genes (avidin and AVR2). The primers were provided by Metabion (Martinsried, Germany) and the real-time PCR kit was obtained commercially (QuantiFast SyBR Green PCR kit; Qiagen). A Bio-Rad CFX-96 Real-Time PCR System (Bio-Rad Inc., Hercules, CA) was used to run the reactions in duplicate. A pilot examination in conventional PCR system determined the optimal reaction conditions as follows: initial denaturation (95°C, 5 min), 45 cycles each comprising denaturation (95°C, 10 S), as well as annealing and extension (60°C, 30 S). Amplification of a single PCR product was confirmed, using a melting-curve analysis (1°C increase in temperature/5 s from 50°C through 95°C) and 3% agarose gel electrophoresis. Standard curves of efficiency of each primer pair were determined with five 10-fold serial dilutions of the positive control cDNA as a template. The real-time PCR was carried out in a 15-μL reaction volume containing 7.5 μL of QuantiFast SyBR Green Master Mix, 1 μL of cDNA, 0.7 μL of gene-specific forward or reverse primer, and 5.1 μL of RNase-free water. The threshold cycle (Ct) was determined as the cycle number associated with linear increases in fluorescence above the set threshold (Foye-Jackson et al., 2011) . To prepare the standard curve for each gene, pooled cDNA was serially diluted in distilled H 2 O and amplified by the gene-specific primer pairs. The relative expression of the target genes was assayed for each sample by using the 2 (−ΔΔCt) method (Livak and Schmittgen, 2001) , where the average ΔCt values of T 0 treatment group served as the control.
Statistical Analysis
The experiment was carried out as a completely randomized design. The data were tested for normality, transformed where appropriate, and subjected to the PROC GLM (SAS, 2002) . Nonnormally distributed data were analyzed by the GENMOD Procedure. The means were compared by the least squares procedure adjusted for Tukey's test, and the level of significance was set at P ≤ 0.05.
RESULTS
The reproductive performance and oviductal expression of avidin and AVR2 in young and old broiler breeder hens, orally administered with biotin, are presented in Table 2 . Egg production was affected by the biotin, age, and biotin × age interaction effects. The lower dose of biotin supplementation (0.30 mg/L) resulted in increased (~6%) egg production. A 2-fold egg production was recorded in young hens compared with old hens. Biotin × age interaction revealed that biotin supplementation was effective in increasing egg production in young hens, but not in old hens (Table 3) . Supplementary biotin at 0.45 mg/L increased the fertility rate by about 4.4% compared with the control group. However, there was no effect of age or biotin × age interaction on fertility rate. Biotin, age, and their interaction effects did not affect fertile hatchability, hatchling quality, and early or mid mortality rates (Table 2 ; P > 0.05). Late embryonic mortality (P = 0.0063) and the percentages of nonpipped (P = 0.0001) and internally pipped (P = 0.036) eggs were lower in old hens; however, external pipping was not affected by age.
Diameter of ovarian follicles, which was mainly larger in old hens (P = 0.0001), was not influenced by biotin supplementation. The mean (±SE) follicular diameters (mm) recorded respectively for young and old hens were 30.0 and 35.2 (±0.27) for F 1 , 28.2 and 31.6 (±0.32) for F 2 , 25.8 and 27.0 (±0.22) for F 3 , 22.3 and 20.7 (±0.39) for F 4 , 17.9 and 13.5 (±0.47) for F 5 , 13.9 and 8.4 (±0.40) for F 6 , 7.3 and 4.9 (±0.15) for large white follicles, and 2.4 and 3.4 (±0.12) for small white follicles.
The mRNA expression of avidin in the SST was not influenced by biotin supplementation or its interaction with age (P > 0.05), although it was higher in old hens compared with the young hens (1.0 and 1.9, respectively; P = 0.0021). On the contrary, the expression of AVR2 was influenced by biotin (P = 0.0031), age (P = 0.0001), and their interaction (P = 0.01) effects (Table 2 ). The relative expression of AVR2 in old hens, irrespective of biotin administration, was higher than in young hens, with the highest values recorded in T 0 old hens (Table 3) . Although AVR2 expression in old hens was not influenced by supplementary biotin, it was increased in young hens supplemented with biotin at 0.45 mg/L (Table 3 ). The correlation coefficients between avidin or AVR2 expression and fertility or hatchability of fertile eggs are shown in Table 3 . The young hens showed higher correlation coefficients between fertility rate and the gene expressions compared with the old hens. The respective coefficients between fertility and avidin or AVR2 expression were 0.59 and 0.55 in the young hens in comparison with 0.04 and 0.17 in the old hens. Regarding the fertile hatchability, however, the correlation coefficients were very weak (Table 3) .
DISCUSSION
Fertility rate (Das et al., 2008) and the duration of fertility (Pierson et al., 1988) have been suggested to be directly correlated with the sperm storage function(s) of the SST and with the number of sperm-containing SST. Regarding the involvement of avidin and possibly avidin analogs in sustained storage of spermatozoa in the SST (Foye-Jackson et al., 2011) and the well-established adverse effect of aging on fertility rate (Bramwell et al., 1996) , we hypothesized that avidin and AVR2 mRNA expression might be associated with fertility rate, and that their expression is decreased in aging birds. Additionally, the high affinity of avidin to biotin led us to hypothesize that supplementary biotin may increase the oviductal expression of avidin and AVR2, thereby attenuating the age-related subfertility in broiler breeder hens. We recorded a modest correlation of avidin and AVR2 expression with fertility rate in the young hens, which was negligible in old ones. Contrary to our hypothesis, the expression of avidin and AVR2 in old hens was higher than in young hens. However, supplementary biotin, regardless of the age, was associated with an increase in fertility rate. Foye-Jackson et al. (2011) attributed an antimicrobial property to avidin, which decreases the availability of biotin to microbial growth, thereby supporting sperm longevity and activation at the UVJ. If this putative role contributes to sperm viability in the SST, then supplementary biotin which results in a higher biotin level in plasma and egg yolk (Buenrostro and Kratzer, 1984) could not have been associated, at least during specific windows of time in the production period, with the improvement in fertility rate in the previous reports (Bradley et al., 1976; Chen et al., 1994) as well as in the current work.
Only young hens showed increased egg production in response to supplementary biotin. Chen et al. (1994) reported a greater egg production in biotin-fed turkey breeder hens aged 50 to 54 wk. Higher egg production recorded for young hens in the present study might be due to the contribution of oral biotin to reestablishment of the appropriate status of plasma biotin level in the bird because the circulatory biotin has been reported to be lower in young broiler breeder hens, which increases linearly with age (Whitehead, 1984) . If this is true, then the unaffected egg production in the old hens could be attributed to the naturally higher plasma level of biotin in these birds. Alternatively, the biotin supplementation might not be high enough (or distributed too late, during a too short period) to stimulate an increase in egg production in older hens. Quantifying the circulatory biotin in future work would clarify this supposition.
An unanticipated finding in the present study was that fertility rate in the old hens, although being numerically lower, did not differ from that recorded for the young hens. The old birds also showed a greater avidin and AVR2 mRNA expression. The duration of fertility in the senescent hens is considerably shorter than that of the juvenile hens (Brillard et al., 1989) . Considering the positive correlation of the duration of fertility with the number of sperm-containing SST (Pierson et al., 1988) , the shorter duration of fertility in the old hens might indicate that efficient mechanisms to sustain SST microenvironment are compromised. Although the length of fertile period following a single artificial insemination was not measured in the present work, the present data did not show a significant difference in fertility rate between old and young hens. The higher expression of avidin and AVR2 might be partly involved in maintaining the fertility rate in old hens. On the other hand, this possibility raises the question that if aging is associated with avidin, AVR2, and sustained fertility rate per se, then how can the concept of age-related subfertility be explained? Our results showed a higher oviductal expression of AVR2 mRNA only in young hens. This finding as well as a weak correlation of avidin or AVR2 with fertility rate in old hens eliminates the positive direct effects of avidin or AVR2 on sustained fertility in old birds. The absence of an age-related decrease in fertility rate of old hens may suggest a delayed carry-over effect of biotin administration in young hens in which an increased AVR2 expression, as well as a correlation (albeit a modest one) between AVR2 expression and fertility rate, was recorded. Although this possibility may appear least expected, the longer mean duration of fertility rate in old hens showing a longer duration of fertility at youth (Brillard et al., 1989) and the late-responding attribute of the avidin gene (Kunnas et al., 1992) suggest that this possibility should not be completely ruled out and future works are needed to clarify this expectation. Alternatively, biotin may have influenced other genes known in SST, including carbonic anhydrase (Holm et al., 1996) and transforming growth factor-β (Das et al., 2006) or may have acted via mechanisms independent of the SST. In the present work, the fertility rate in the old hens was not decreased, a finding that may also be a consequence of artificial insemination with semen from young males. If a comparable practice is to be conducted in an old breeder stock through the introduction of young males (spiking), a proportion but not all the males would be replaced with the young ones. Another question is, what was the cause of the increased oviductal expression of avidin and AVR2, despite the lack of the effect of biotin on these genes in old hens? The expression of avidin in the oviduct is a progesterone (P 4 )-dependent phenomenon (Kunnas et al., 1992) . yoshimura et al. (2000) reported the presence of activated P 4 receptors in the SST and surface epithelium of the UVJ in mature laying hens, suggesting a role for these receptors in P 4 -dependent avidin expression. Assessment of the circulatory P 4 and oviductal expression of P 4 receptor would shed more light on the underlying mechanism for different responses found in the young and old hens.
In the present work, neither supplementary biotin nor the age of hens influenced the hatchability of fertile eggs and the overall embryonic mortality rate, although the percentages of nonpipped and internally pipped eggs in the old hens were lower than those recorded for young hens. In contradiction to our findings, improvement in hatchability was reported previously for biotin-fed Leghorn (Bradley et al., 1976) and turkey breeder (Chen et al., 1994) hens as well as for biotin-injected turkey eggs (Robel and Christensen, 1987) . The current data may indicate a higher nutritional requirement for biotin in the birds used, which has been shown previously to be more pronounced in aged hens (Robel, 1991) . Additionally, according to the production data collected during a 22-yr-long period in the Line Breeding Center Database, a 10% mean decrease in hatchability rate has been recorded after 53 wk of age. The reason for nondecreased hatchability in the old hens in this study remains unknown, but this could be the result of artificial insemination with pooled semen samples of young roosters.
In summary, oral administration of biotin at the early stage of the production period improved egg production. Despite the higher fertility rate in birds receiving 0.45 mg of biotin/L, the hatchability, chick quality, and embryonic mortality were not affected by biotin. Unexpectedly, the oviductal expression of avidin was not influenced by oral biotin. The higher level of biotin increased the AVR2 expression in young birds without any effect of biotin in old hens. Avidin and AVR2 mRNA expressions were correlated with the fertility rate in young hens only. The old hens recorded a greater oviductal expression of both avidin and AVR2 for which the underlying mechanism(s) remain(s) to be elucidated. It would be interesting to investigate the possible involvement of other oviductal genes, known to be involved in optimizing the SST milieu in studies addressing age-related subfertility. Better characterization of cellular and molecular mechanisms of sperm viability in the SST may find an application in selecting and establishing the genetically high-fertile flocks.
